Dynamic speckle illumination (DSI) provides a simple and robust technique to obtain fluorescence depth sectioning with a widefield microscope. We report a significant improvement to DSI microscopy based on a statistical image-processing algorithm that incorporates spatial wavelet prefiltering. The resultant gain in sectioning strength leads to a fundamentally improved scaling law for the out-of-focus background rejection. © 2007 Optical Society of America OCIS codes: 180.1790, 180.2520 In its standard configuration [1], confocal microscopy is based on single-beam scanning and detection through a simple pinhole mask. Alternatives have been proposed that use multipinhole masks [2] [3] [4] or no mask at all [5, 6] . These techniques all require predefined light patterns (e.g., structured illumination) that must be highly contrasted at the focal plane, and depth sectioning is obtained by varying these patterns in a controlled manner. We recently proposed an entirely new fluorescence imaging technique based on dynamic speckle illumination (DSI) [7] . In this technique, the exact illumination patterns are not known, and depth sectioning is obtained from a knowledge of only the illumination pattern statistics. A key advantage of DSI microscopy is that it is remarkably simple to implement, requiring no detection mask and only a diffuser, a microscope objective, and a CCD camera. The general layout of a DSI microscope is illustrated in Fig. 1a . Diffuse laser light is projected into a sample via a microscope objective, producing a fine hail of speckle grains. The average lateral size of the speckle grains is the same as the diffraction-limited microscope resolution. The intensity distribution of the grains obeys what is known as negativeexponential statistics [8] , which is inherently highly contrasted. An important feature of these statistics is that they are invariant even in a scattering medium, since unpredictable phase shifts provoked by the medium only further randomize an already randomized laser phase front (we assume that the medium does not significantly alter the beam polarization). Because the laser illumination is granular, so too is the resulting fluorescence, which is imaged by the CCD camera. However, even though the fluorescence is generated with high contrast everywhere in the sample, it only appears to be highly contrasted when it is in focus. DSI microscopy involves acquiring a sequence of fluorescence images with randomly changing (i.e., dynamic) speckle patterns. A postprocessing algorithm that extracts the varying components from the resultant image sequence therefore preferentially extracts in-focus signal from out-of-focus background.
In its standard configuration [1] , confocal microscopy is based on single-beam scanning and detection through a simple pinhole mask. Alternatives have been proposed that use multipinhole masks [2] [3] [4] or no mask at all [5, 6] . These techniques all require predefined light patterns (e.g., structured illumination) that must be highly contrasted at the focal plane, and depth sectioning is obtained by varying these patterns in a controlled manner. We recently proposed an entirely new fluorescence imaging technique based on dynamic speckle illumination (DSI) [7] . In this technique, the exact illumination patterns are not known, and depth sectioning is obtained from a knowledge of only the illumination pattern statistics. A key advantage of DSI microscopy is that it is remarkably simple to implement, requiring no detection mask and only a diffuser, a microscope objective, and a CCD camera.
The general layout of a DSI microscope is illustrated in Fig. 1a . Diffuse laser light is projected into a sample via a microscope objective, producing a fine hail of speckle grains. The average lateral size of the speckle grains is the same as the diffraction-limited microscope resolution. The intensity distribution of the grains obeys what is known as negativeexponential statistics [8] , which is inherently highly contrasted. An important feature of these statistics is that they are invariant even in a scattering medium, since unpredictable phase shifts provoked by the medium only further randomize an already randomized laser phase front (we assume that the medium does not significantly alter the beam polarization). Because the laser illumination is granular, so too is the resulting fluorescence, which is imaged by the CCD camera. However, even though the fluorescence is generated with high contrast everywhere in the sample, it only appears to be highly contrasted when it is in focus. DSI microscopy involves acquiring a sequence of fluorescence images with randomly changing (i.e., dynamic) speckle patterns. A postprocessing algorithm that extracts the varying components from the resultant image sequence therefore preferentially extracts in-focus signal from out-of-focus background.
Our initial implementations of DSI microscopy were based on algorithms that extracted image variations in time only [7, 9] . We report here a significantly improved wavelet-based algorithm that extracts image variations in both time and space.
The performance of any 3D imaging system is characterized by its lateral resolution and its axial sectioning strength (capacity to reject out-of-focus blur). In standard widefield microscopy with uniform illumination, the image intensity I d recorded at the CCD camera is given by the convolution
where PSF d is the detection point spread function and C is the fluorophore concentration in the sample. While PSF d provides high in-focus lateral resolution, it does not provide good axial sectioning because of its weak dependence on defocus z.
DSI microscopy is essentially a standard widefield microscope but with speckle illumination. We have then
where I s ͑r ជ͒ is the intensity distribution of a given speckle pattern inside the sample, and r ជ = ͑ ជ , z͒ and r ជ d = ͑ ជ d ,0͒ are the 3D coordinates inside the sample and at the detector plane, respectively. By acquiring a series of images with independent speckle patterns (e.g., Fig. 1b) , the image components that vary in time are extracted by a simple calculation of the rootmean-square (rms) of the intensity variations at each pixel (Fig. 1e) . The final DSI image intensity I DSI is given by the rms (i.e., the square root of the temporal variance) of the detected raw images, defined from
To evaluate this rms, we use a property of fully developed speckle statistics [8] :
where PSF i represents the illumination PSF, A s corresponds to the area of a speckle grain, and the overbar indicates an average over many independent speckle patterns. The delta-function approximation corresponds to the ideal case of very small speckle grain areas. Because the speckle grains are also confined along the axial dimension to a dimension L s of the order of the axial width (Rayleigh length) of the illumination PSF [8] , we can extend this approximation to three dimensions:
͑3͒
From Eqs. (1) and (3), we readily obtain
Expression (4) was derived purely on the basis of speckle statistics and does not depend on the particular sequence of speckle patterns. In effect, it leads to
We emphasize that squares have been applied to PSF d and C prior to the application of the convolution. This has important ramifications, since PSF d 2 is more localized and exhibits a stronger dependence on defocus than PSF d . DSI microscopy, as described above, therefore exhibits both high lateral resolution and a degree of depth sectioning [7] . We note that, inasmuch as PSF 2 is highly localized, I DSI scales locally linearly with C.
In this Letter, we report a fundamental improvement in sectioning strength by going one step further in first extracting the spatial variations from each image prior to extracting their temporal variations. To do this, we convolve each raw image with a 2D wavelet filter of the type illustrated in Fig. 1c . The overall effect of such a convolution is to replace PSF d in Eqs. (1) and (4) with the effective PSF
where W is the 2D wavelet filter function. Properties of this filter are that it should remove uniform background (i.e., ͐W͑ ជ͒d 2 ជ = 0) and be localized to approximately the size of a speckle grain. As such, the filter serves as an in-focus speckle grain finder, imparting an overall stronger dependence on defocus to PSF w than was exhibited by PSF d . Wavelet prefiltering leads to a striking improvement in DSI imaging (Fig.  1f ) that is not only qualitative but quantitative. The enhancement in sectioning strength can be evaluated theoretically by considering a thin uniform fluorescent planar sample. If the microscope aperture is circular, then I DSI is found to scale as 1 / z when no wavelet filter is applied [7] and as 1 / z 3/2 when wavelet filtering is applied. These scaling laws are corroborated by experiment (Fig. 1g) . Recalling that the sectioning strength for an ideal confocal microscope scales as 1 / z 2 , our new spatiotemporal DSI algorithm yields indeed very close to ideal confocal performance. We note that our evaluation of sectioning strength based on a uniform fluorescent plane is valid only in the limit of strong out-of-focus background relative to in-focus signal. Because the rms is an inherently nonlinear operation, the separation between background and signal is not as clear-cut in favorable regimes of weak background or large defocus and can lead to an even stronger effective sectioning strength than reported here.
To demonstrate the effectiveness of DSI microscopy in deep tissue imaging, we display images of an excised mouse olfactory bulb labeled with green fluorescent protein (GFP). The illumination source was an argon-ion laser (JDS Uniphase 2214-20SL, 488 nm); the diffusing element was a Holoeye LC-R-768 liquid crystal modulator used in reflection mode (see Ref. [9] for details); and the CCD camera was a QImaging Retiga 2000R. Figures 2 and 3 compare temporal and spatiotemporal DSI imaging in thick tissue. The sectioning strength of the spatiotemporal algorithm is manifestly superior, particularly at larger depths. As illustrated, 10 raw images can yield acceptable DSI imaging. This can be improved by extending the number to 30 raw images (see Fig. 3d) ; however, there is little advantage to increasing the image number further.
An important feature of DSI microscopy is that, as opposed to confocal microscopy, it does not involve a detection mask, which presents disadvantages and advantages. A disadvantage is that, because there is no detection mask, shot noise from out-of-focus light can cause DSI image degradation. However, because shot noise obeys independent intensity statistics than speckle, the bias it introduces in the calculation of image variance [Eq. (4)] can be removed. For unfiltered images, the shot-noise variance is given by V͑ ជ d ͒ shot,unfiltered = gI d , where g is the CCD camera gain and I d ͑ ជ d ͒ is the time average of the unfiltered raw images (corresponding to the standard widefield image). For wavelet-filtered images, spatial averaging decreases the overall shot-noise variance, and we
where A p is the area of a camera pixel, assumed to be smaller than the area of imaged speckle grains. To remove this extra shot-noise variance, we subtract it from the variance of the filtered or nonfiltered fluorescence images derived from Eq. (4). This provides an unbiased estimate of I DSI 2 , and hence of I DSI . We previously reported a near-confocal sectioning strength of z −3/2 using a temporal DSI algorithm that required speckle pattern translation [9] . Our new spatiotemporal DSI algorithm provides the same sectioning strength but without this requirement. This has significant advantages when performing thick tissue imaging, since it obviates the need for speckle motion control. Because randomized speckle illumination is particularly easy to achieve with a simple diffuser [7] , it can be readily implemented in any microscope or imaging endoscope. The exposure time per raw image was 500 ms, imposed by the low maximum output power delivered by our laser (Ϸ3 mW at the sample). Scale bar, 20 m.
